DRIVER CIRCUIT 

BACKGROUND OF THE INVENTION 

The present invention relates to a driver circuit. More particularly, the present 
5 invention relates to a driver circuit for differentially outputting data from internal circuitry 
of an LSI (large scale integrated circuit) to the outside of the LSI. 

Recently, multimedia is rapidly becoming widespread. This raises a demand for 
high-speed, mass data transmission. Therefore, high-speed serial data interfaces such as 
IEEE 13 94 and Gigabit Ethernet® have attracted attention. In these interface technologies, 

10 a driver circuit differentially transmits data from internal circuitry of an LSI at a high speed 
such as 1 Gbit/s. As shown in FIG. 8, this driver circuit forms a current mirror by 
applying a bias voltage Vbn generated by a reference current circuit to the gate of a MOS 
(Metal Oxide Semiconductor) transistor M50, and generates a desired, constant drive 
current. Either a differential output terminal TD or NTD to which the drive current is to 

15 be applied is determined by MOS transistors M51, M52, whereby the driver circuit 
digitally drives a prescribed current. This drive current is driven to a receiving device as 
a desired output voltage through resistors R respectively connected to the output terminals 
TD, NTD 

If the output differential data from the driver circuit of FIG. 8 do not cross at the 
20 center, a differential skew (difference between the respective medians of the differential 
data) is generated as shown in FIG. 9. A large differential skew would increase variation 
in cross point in the time direction when the drive current varies due to noises or the like. 
As shown in FIG. 10, provided that the differential data ideally cross at the center, the 
intersection pi is shifted to p2 or p2* as the gradient of the voltage with respect to time is 
25 varied. If there is a difference in switching time, t_diff, the intersection ql is shifted to 



q2 or q2' as the gradient is varied. Therefore, it can be appreciated that, provided that 
variation in gradient is the same, the displacement of the intersection with respect to time, 
i.e., (p2 - pi) or (q2 - ql), is increased if there is a difference in switching time. That is, 
(p2 - pi) < (q2 - ql). Accordingly, in a differential driver, variation in switching timing 
5 would increase jitter components of the time direction due to noises or the like, thereby 
causing reduction in margin for communications. Note that the difference in switching 
time, t_diflf, is negative, the displacement of the intersection with respect to time is 
seemingly reduced. In the subsequent cycle, however, the differential potentials rise and 
fall in the opposite manner, whereby the difference t_difT becomes positive. In view of 
10 irregular disturbance such as noises, it is ideal to make the differential data cross at the 
center. 



SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a driver circuit allowing 
15 complementary output data to cross at an appropriate position (near the center). 

According to one aspect of the present invention, a driver circuit includes a 
constant current section, a first pad, a second pad, a first switching element, a second 
switching element and a control section. The constant current section outputs a 
prescribed positive or negative current. The first pad is capable of being connected to the 
20 other end of a first resistor having its one end connected to a first node receiving a first 
voltage. The second pad is capable of being connected to the other end of a second 
resistor having its one end connected to the first node. The first switching element is 
connected between an output node of the constant current section and the first pad and 
turned ON/OFF in response to a first signal. The second switching element is connected 
25 between the output node of the constant current section and the second pad and turned 



ON/OFF in response to a second signal. The second signal is complementary to the first 
signal The control section controls a potential at the output node of the constant current 
section to a prescribed potential. 

According to another aspect of the present invention, a driver circuit includes a 
5 constant current section, a first pad, a second pad, a first switching element, a second 
switching element, a first resistor, a second resistor and a control section. The constant 
current section outputs a prescribed positive or negative current. The first switching 
element is connected between an output node of the constant current section and the first 
pad and turned ON/OFF in response to a first signal. The second switching element is 

1 0 connected between the output node of the constant current section and the second pad and 
turned ON/OFF in response to a second signal. The second signal is complementary to 
the first signal. The first resistor is connected between a first node receiving a first 
voltage and the first pad. The second resistor is connected between the first node and the 
second pad. The control section controls a potential at the output node of the constant 

1 5 current section to a prescribed potential. 

In the above driver circuit, the control section controls the potential at the output 
node of the constant current section to the prescribed potential regardless of variation in 
voltage and variation in process. This suppresses variation in ON/OFF timing between 
the first and second switching elements. This allows differential data from the first and 

2 0 second pads to cross at an appropriate position (near the center). 

Preferably, the control section varies an on-state resistance value of the first and 
second switching elements according to the potential at the output node of the constant 
current section. 

In the above driver circuit, the potential at the output node of the constant current 
2 5 section reduces with increase in on-state resistance value of the first and second switching 



elements, and increases with reduction in on-state resistance value of the first and second 
switching elements. The control section therefore increases the on-state resistance value 
of the first and second switching elements when the potential at the output node of the 
constant current section is higher than a desired potential, and reduces the on-state 
5 resistance value of the first and second switching elements when the potential at the output 
node of the constant current section is lower than the desired potential. The control 
section thus controls the potential at the output node of the constant current section to the 
prescribed potential. 

Preferably, the first switching element includes a first transistor. The first 

1 0 transistor is connected between the output node of the constant current section and the first 
pad and turned ON/OFF in response to the first signal. The second switching element 
includes a second transistor. The second transistor is connected between the output node 
of the constant current section and the second pad and turned ON/OFF in response to the 
second signal. The control section varies a substrate potential of the first and second 

15 transistors according to the potential at the output node of the constant current section. 

In the above driver circuit, if the first and second transistors are of NMOS type, the 
on-state resistance increases with reduction in substrate potential of the first and second 
transistors and reduces with increase in substrate potential. If the first and second 
transistors are of PMOS type, the on-state resistance varies in the manner opposite to that 

20 described above. Provided that the first and second transistors are of NMOS type, the 
control section reduces the substrate potential of the first and second transistors when the 
potential at the output node of the constant current section is higher than a desired potential. 
This increases the on-state resistance value of the first and second transistors and reduces 
the potential at the output node of the constant current section. On the other hand, when 

25 the potential at the output node of the constant current section is lower than the desired 



potential, the control section increases the substrate potential of the first and second 
transistors. This reduces the on-state resistance value of the first and second transistors 
and increases the potential at the output node of the constant current section. The control 
section thus controls the potential at the output node of the constant current section to the 
5 prescribed potential. 

Preferably, the first switching element includes a first transistor and a second 
transistor. The first and second transistors are connected in parallel between the output 
node of the constant current section and the first pad and turned ON/OFF in response to the 
first signal. The second switching element includes a third transistor and a fourth 

10 transistor. The third and fourth transistors are connected in parallel between the output 
node of the constant current section and the second pad and turned ON/OFF in response to 
the second signal. The control section activates and inactivates the first to fourth 
transistors according to the potential at the output node of the constant current section. 

In the above driver circuit, the first switching element has a greater on-state 

15 resistance value when either the first or second transistor is ON than when both the first 
and second transistors are ON. Similarly, the second switching element has a greater on- 
state resistance value when either the third or fourth transistor is ON than when both the 
third and fourth transistors are ON. Therefore, when the potential at the output node of 
the constant current section is higher than a desired potential, the control section activates 

20 one of the first and second transistors and inactivates the other transistor. In other words, 
the control section turns ON/OFF either the first or second transistor in response to the first 
signal. Similarly, the control section activates one of the third and fourth transistors and 
inactivates the other transistor. In other words, the control section turns ON/OFF either 
the third or fourth transistor in response to the second signal. The on-state resistance of 

2 5 the first and second switching elements is thus increased. On the other hand, when the 



potential at the output node of the constant current section is lower than the desired 
potential, the control section activates both the first and second transistors. In other 
words, the control section turns ON/OFF both the first and second transistors in response 
to the first signal. Similarly, the control section activates both the third and fourth 
5 transistors. In other words, the control section turns ON/OFF both the third and fourth 
transistors in response to the second signal. The on-state resistance of the first and second 
switching elements is thus reduced. In this way, the control section controls the potential 
at the output node of the constant current section to the prescribed potential. The above 
driver circuit is capable of digitally varying the on-state resistance value of the first and 

10 second switching elements. This eliminates the need to generate an analog bias potential 
and thus facilitates circuit design. 

Preferably, the prescribed potential is set to a value close to an intermediate 
potential of minimum and maximum values of a gate potential of the first or second 
transistor minus a threshold potential of the first or second transistor. 

15 The above driver circuit allows the transistors included in the first switching 

element and the transistors included in the second switching element to be accurately 
turned ON/OFF at the same timing. 

According to still another aspect of the present invention, a driver circuit for 
complementarily driving first and second output nodes in response to differential input 

20 signals includes a first driving section, a second driving section and a control section. 
The first driving section drives the first output node in response to one of the differential 
input signals. The second driving section drives the second output node in response to the 
other differential input signal. The control section controls timing of driving the first and 
second driving sections so that voltage levels at the first and second output nodes switch at 

25 the same timing. 



The above driver circuit suppresses variation in switching timing of the voltage 
level between the first and second output nodes. This allows differential data from the 
first and second output nodes to cross at an appropriate position (near the center). 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a block diagram showing the structure of an electronic equipment 
according to a first embodiment of the present invention; 

FIGs. 2 and 3 show modifications of a driver circuit in FIG. 1; 

FIG. 4 is a block diagram showing the structure of an LSI in an electronic 
equipment according to a second embodiment of the present invention; 

FIG. 5 is a block diagram showing the structure of a selection circuit in FIG. 4; 
FIG. 6 is a block diagram showing the structure of a replica circuit in FIG. 5; 
FIG. 7 shows a modification of a driver circuit; 

FIG. 8 is a block diagram showing the structure of a conventional driver circuit; 
FIG. 9 illustrates a differential skew; and 
FIG. 10 illustrates a differential skew. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, embodiments of the present invention will be described in detail with 
reference to the accompanying drawings. Note that the same or corresponding portions 
are denoted with the same reference numerals and characters throughout the figures, and 
description thereof will not be repeated. 

(First Embodiment) 

FIG. 1 is a block diagram showing the structure of an electronic equipment 
according to the first embodiment of the present invention. The electronic equipment 1 of 



FIG. 1 outputs differential signals from output terminals TD, NTD. The differential 
signals output from the output terminals TD, NTD are transmitted to differential cables 11 
for communications through a connector 10. The electronic equipment of FIG. 1 includes 
a semiconductor integrated circuit (LSI) 100, resistors 8, 9, and output terminals TD, NTD. 
5 The LSI 100 includes a driver circuit. The driver circuit complementarily drives 

pads 6, 7 and output terminals TD, NTD according to differential signals (D, ND) from 
internal circuitry (not shown). The driver circuit includes a reference current circuit 2, N- 
channel MOS transistors M0 to M2, a low pass filter 3, an operational amplifier 4 and pads 
6, 7. 

10 The reference current circuit 2 includes a current source 5 and N-channel MOS 

transistors M3, M4. The current source 5 and the N-channel MOS transistors M3, M4 
are connected in series between a power supply node receiving a power supply voltage and 
a ground node receiving a ground voltage. 

The current source 5 outputs a prescribed current Iref. The N-channel MOS 

15 transistor M3 is connected between the current source 5 and the N-channel MOS transistor 
M4. A constant bias Vb is applied to the gate of the N-channel MOS transistor M3. 
The N-channel MOS transistor M4 is connected between the N-channel MOS transistor 
M3 and the ground node. A drain potential of the N-channel MOS transistor M3 is 
applied to the gate of the N-channel MOS transistor M4. The reference current circuit 2 

20 applies the drain potential of the N-channel MOS transistor M3 to the gate of the N- 
channel MOS transistor M0 as a bias potential Vbn, and applies a drain potential of the N- 
channel MOS transistor M4 to a non-inverted input terminal (positive input terminal) of 
the operational amplifier 4 as a reference potential Vctrl. The reference potential Vctrl is 
set to a value close to an intermediate potential (1.25 V) of the maximum value (2.5 V) and 

2 5 the minimum value (0 V) of a gate potential of the N-channel MOS transistors Ml, M2 



minus a threshold potential (in this example, about 0.5 V) of the N-channel MOS 
transistors Ml, M2 (the gate potential of the N-channel MOS transistors Ml, M2 
corresponds to the H-level and L level potentials of the signals D, ND from the internal 
circuitry, and it is herein assumed that the L-level potential is 0 V and the H-level potential 
5 is 2.5 V). In other words, the reference potential Vctrl is set to a value close to 0.75V. 

The N-channel MOS transistor MO is connected between the sources of the N- 
channel MOS transistors Ml, M2 and the ground node receiving the ground voltage. The 
reference current circuit 2 applies the bias potential Vbn to the gate of the N-channel MOS 
transistor MO. The N-channel MOS transistor MO outputs a prescribed negative constant 
10 current by a so-called current mirror. It is herein assumed that the W/L ratio of the N- 
channel MOS transistor MO is k times that of the N-channel MOS transistor M4 of the 
reference current circuit 2 (where W is a channel width and L is a channel length). 
Accordingly, the N-channel MOS transistor MO outputs a current that is k times the 
reference current Iref. 

15 The N-channel MOS transistor Ml is connected between the pad 7 and the N- 

channel MOS transistor MO, and turned ON/OFF in response to the signal D from the 
internal circuitry of the LSI 100. The N-channel MOS transistor M2 is connected 
between the pad 6 and the N-channel MOS transistor M0, and turned ON/OFF in response 
to the signal ND from the internal circuitry of the LSI 100. The signal ND is 

2 0 complementary to the signal D. 

The low pass filter 3 removes noises superimposed on a drain potential Vtt of the 
N-channel MOS transistor M0 and applies the resultant signal to an inverted input terminal 
(negative input terminal) of the operational amplifier 4. This allows for fluctuation of the 
drain potential Vtt of the N-channel MOS transistor M0 which may be caused by 

2 5 switching of the N-channel MOS transistors Ml, M2. 



The operational amplifier 4 receives the reference potential Vctrl from the 
reference current circuit 2 at its non-inverted input terminal (positive input terminal), and 
receives the drain potential Vtt of the N-channel MOS transistor MO at its inverted input 
terminal (negative input terminal). The operational amplifier 4 applies a potential 
5 according to the comparison result of the received potentials as a substrate potential of the 
N-channel MOS transistors Ml, M2. 

The pads 6, 7 are connected to the output terminals TD, NTD, respectively. 

The resistors 8, 9 are connected between a power supply node receiving a power 
supply voltage VDD (in this example, 3.3 V) and the output terminals TD, NTD, 
1 0 respectively. Each of the resistors 8, 9 has a resistance value Rterm. 

Hereinafter, operation of the above electronic equipment 1 will be described. 

Either the N-channel MOS transistor Ml or M2 is turned ON according to the 
complementary differential signals (D, ND) from the internal circuitry (not shown) of the 
LSI 100. A prescribed current from the N-channel MOS transistor MO is applied to either 
15 the resistor 8 or 9 according to the signals (D, ND), and logic data (differential data) 
according to the signals (D, ND) are output to the output terminals (TD, NTD). The 
amplitude of the differential data from the output terminals (TD, NTD) is equal to the 
prescribed current (k x Iref) from the N-channel MOS transistor MO multiplied by the 
resistance value Rterm of the resistors 8, 9. 
20 In the conventional circuit structure of FIG. 8, a source potential Vtt of the MOS 

transistors M51, M52 is dependent on the transconductance (channel conductance) of the 
MOS transistors M51, M52. In other words, the source potential Vtt is reduced as the 
ambient temperature moves to a higher temperature and the process fluctuates toward the 
worst. On the other hand, the source potential Vtt is increased as the ambient 
25 temperature moves to a lower temperature and the process fluctuates toward the best. 



Increase in source potential Vtt retards the timing the MOS transistors M51, M52 are 
turned ON and advances the timing the transistors MOS transistors M51, M52 are turned 
OFF. This results in a differential skew (difference between the respective medians of 
differential data) as shown in FIG. 9. 
5 In the driver circuit of FIG. 1, however, the operational amplifier 4 controls the 

drain potential Vtt of the N-channel MOS transistor MO to a desired potential (in this 
example, the reference potential Vctrl) as described below. If the drain potential Vtt of 
the N-channel MOS transistor MO is lower than the reference potential Vctrl, the output of 
the operational amplifier 4 is increased and thus the substrate potential of the N-channel 

10 MOS transistors Ml, M2 is increased. Accordingly, the N-channel MOS transistors Ml, 
M2 have a reduced on-state resistance. This reduces a voltage drop at the N-channel 
MOS transistors Ml, M2 and increases the drain potential Vtt of the N-channel MOS 
transistor MO. On the other hand, if the drain potential Vtt of the N-channel MOS 
transistor MO is higher than the reference potential Vctrl, the output of the operational 

15 amplifier 4 is reduced and thus the substrate potential of the N-channel MOS transistors 
Ml, M2 is reduced. Accordingly, the N-channel MOS transistors Ml, M2 have an 
increased on-state resistance. This increases a voltage drop at the N-channel MOS 
transistors Ml, M2 and reduces the drain potential Vtt of the N-channel MOS transistor 
MO. This feedback effect makes the drain potential Vtt of the N-channel MOS transistor 

20 MO equal to the drain potential Vctrl of the N-channel MOS transistor M4 in the reference 
current circuit 2. 

As described above, the reference potential Vctrl is set to a value close to an 
intermediate potential (1.25 V) of the maximum value (2.5 V) and the minimum value (0 
V) of the gate potential of the N-channel MOS transistors Ml, M2 minus the threshold 
25 potential (about 0.5 V) of the N-channel MOS transistors Ml, M2. In other words, the 



reference potential Vctrl is set to a value close to 0.75V. Therefore, the N-channel MOS 
transistors Ml, M2 are switched at 1.25 V, that is, at the median of the amplitude of the 
differential signals (D, ND) from the internal circuitry. Accordingly, the N-channel MOS 
transistors Ml, M2 which are switched in a complementary manner are turned ON/OFF at 
5 approximately the same timing. As a result, the differential data from the output 
terminals TD, NTD cross near the center (near the intersection PI in FIG. 10), whereby a 
differential skew is suppressed. 

As described above, the drain potential Vctrl of the N-channel MOS transistor M4 
of the reference current circuit 2 becomes equal to the drain potential Vtt of the N-channel 

1 0 MOS transistor MO due to the feedback effect. This means that a gate-source voltage Vgs 
and a drain-source voltage Vds of the N-channel MOS transistor M4 are equal to a gate- 
source voltage Vgs and a drain-source voltage Vds of the N-channel MOS transistor MO, 
respectively. This allows a current that is k times the reference current Iref to be 
accurately mirrored to the N-channel MOS transistor MO, whereby the output current and 

15 thus the output differential amplitude (Iref x k x Rterm) is improved in accuracy. 

Note that the resistors 8, 9 are herein provided outside the LSI 100. As shown in 
FIG. 2, however, the resistors 8, 9 may alternatively be provided within the LSI 100. 

The transistor M0 as a constant current section and the transistors Ml, M2 as first 
and second switching elements are herein N-channel MOS transistors, and the resistors 8, 9 

20 are provided between the power supply node and the output terminals TD, NTD, 
respectively. As shown in FIG. 3, however, the transistor M0 as a constant current 
section and the transistors Ml, M2 as first and second switching elements may 
alternatively be .P-channel MOS transistors and the resistors 8, 9 may alternatively be 
provided between the ground node and the output terminals TD, NTD, respectively. In 

25 this case, the P-channel MOS transistor M0 outputs a constant positive current. 

12 



(Second Embodiment) 

An electronic equipment according to the second embodiment of the present 
invention includes an LSI 200 of FIG. 4 instead of the LSI 100 of FIG. 1. The structure 
of the electronic equipment of the second embodiment is otherwise the same as that of the 
5 electronic equipment 1 of FIG. 1. 

The LSI 200 of FIG. 4 includes a driver circuit. The driver circuit 
complementarily drives the pads 6, 7 and the output terminals TD, NTD (FIG. 1) 
according to differential signals (D, ND) from internal circuitry (not shown). The driver 
circuit includes switching elements 210, 220, a selection circuit 230, a reference current 

10 circuit 240, AND circuits AD1 to AD4, AD11 to AD14, and pads 6, 7. 

The reference current circuit 240 includes N-channel MOS transistors M251 to 
M254. The N-channel MOS transistors M251 to M254 are connected in series between a 
power supply node receiving a power supply voltage (in this example, 3.3 V) and a ground 
node receiving a ground voltage. The N-channel MOS transistors M251, M252 receive 

15 constant biases Vbl, Vb2 at their gates, respectively, and function as a current source for 
outputting a prescribed current Iref. The N-channel MOS transistor M253 is connected 
between the N-channel MOS transistors M252 and M254 and receives a constant bias Vb3 
at its gate. The N-channel MOS transistor M254 is connected between the N-channel 
MOS transistor M253 and the ground node and receives a drain potential Vref of the N- 

20 channel MOS transistor M253 at its gate. The N-channel MOS transistor M254 has a 
gate width (W = WO/k) that is 1/k times the gate width (W = W0) of an N-channel MOS 
transistor M10 (the N-channel MOS transistors M254, M10 have the same channel length). 
The reference current circuit 240 applies a drain potential of the N-channel MOS transistor 
M253 to the gate of the N-channel MOS transistor M10 and the selection circuit 230 as a 

25 bias potential Vref, and applies a drain potential of the N-channel MOS transistor M254 to 



the selection circuit 230 as a reference potential Vctrl. The reference potential Vctrl is 
set to a value close to an intermediate potential (1 .25 V) of the maximum value (2.5 V) and 
the minimum value (0 V) of a gate potential of N-channel MOS transistors M211 to M214, 
M221 to M224 minus a threshold potential (in this example, about 0.5 V) of the N-channel 
5 MOS transistors M211 to M214, M221 to M224 (the gate potential of the N-channel MOS 
transistors M211 to M214, M221 to M224 corresponds to the H-level and L level 
potentials of the signals D, ND from the internal circuitry, and it is herein assumed that the 
L-level potential is 0 V and the H-level potential is 2.5 V). In other words, the reference 
potential Vctrl is set to a value close to 0.75 V. 

1 0 The selection circuit 230 receives the bias potential Vref and the reference potential 

Vctrl from the reference current circuit 240 and outputs enable signals EN1 to EN4. 

The AND circuits AD1 to AD4 output the AND operation result of the signal D 
from the internal circuitry (not shown) and the enable signals EN1 to EN4 from the 
selection circuit 230 to the gates of the N-channel MOS transistors M211 to M214, 

15 respectively. The AND circuits AD11 to AD14 output the AND operation result of the 
signal ND from the internal circuitry (not shown) and the enable signals EN1 to EN4 from 
the selection circuit 230 to the gates of the N-channel MOS transistors M221 to M224, 
respectively. The signal ND is complementary to the signal D. When the enable signals 
EN1 to EN4 are active (logical high level), the AND circuits AD1 to AD4, AD11 to AD14 

20 apply the signals D, ND to the gates of the N-channel MOS transistors M211 to M214, 
M221 to M224, respectively. In other words, the N-channel MOS transistors M211 to 
M214, M221 to M224 are activated. On the other hand, when the enable signals EN1 to 
EN4 are inactive (logical low level), the AND circuits AD1 to AD4, AD11 to AD14 apply 
an inactive (logical low level) signal to the gates of the N-channel MOS transistors M211 

25 to M214, M221 to M224, respectively, regardless of the signals D, ND. In other words, 



the N-channel MOS transistors M211 to M214, M221 to M224 are inactivated. Note that 
the logical high level of the differential signals (D, ND) from the internal circuitry and the 
level of the power supply voltage of the AND circuits AD1 to AD4, AD11 to AD14 are 
herein 2.5 V. 

5 The switching element 210 includes N-channel MOS transistors M211 to M214. 

The N-channel MOS transistors M211 to M214 are connected in parallel between the pad 
7 and the N-channel MOS transistor M10 and receive the outputs of the AND circuits AD1 
to AD4 at their gates, respectively. 

The switching element 220 includes N-channel MOS transistors M221 to M224. 

10 The N-channel MOS transistors M221 to M224 are connected in parallel between the pad 
6 and the N-channel MOS transistor M10 and receive the outputs of the AND circuits 
AD11 to AD14 at their gates, respectively. 

The N-channel MOS transistor M10 is connected between the sources of the N- 
channel MOS transistors M211 to M214, M221 to M224 and the ground node receiving 

15 the ground voltage. The N-channel MOS transistor M10 receives the bias potential Vref 
from the reference current circuit 240 and outputs a prescribed constant current. The N- 
channel MOS transistor M10 has a channel width (W = WO) that is k times the channel 
width (W = WO/k) of the N-channel MOS transistor M254 in the reference current circuit 
240 (the N-channel MOS transistors M10, M254 have the same channel length). 

20 Accordingly, the N-channel MOS transistor M10 outputs a current (Iref x k) that is k times 
the reference current Iref. 

The above driver circuit is characterized in that a plurality of N-channel MOS 
transistors (in this example, four N-channel MOS transistors) are provided in parallel in 
each switching element 210, 220 and the on-state resistance of the switching elements 210, 

2 5 220 is varied by changing the number of N-channel MOS transistors to be activated. In 



the first embodiment, the on-state resistance of the N-channel MOS transistors Ml, M2 is 
varied by the substrate bias effect. However, since the LSI normally has a common 
substrate, it is difficult to vary the substrate bias. Moreover, it is difficult to vary a wide 
range of the on-state resistance by the substrate bias effect. For these reasons, in the 
5 second embodiment, the on-state resistance is varied by changing the number of N-channel 
MOS transistors to be activated. This is advantageous in terms of design because an 
extremely wide range of the on-state resistance can be varied. 

Hereinafter, a method for determining the number of N-channel MOS transistors to 
be activated will be described. 

10 This driver circuit includes AND circuits AD1 to AD4, AD11 to AD14 for 

selecting the N-channel MOS transistors M211 to M214, M221 to M224 to which the 
differential data D, ND from the internal circuitry are applied. The driver circuit controls 
the AND circuits AD1 to AD4, AD11 to AD14 in order to control the number of N- 
channel MOS transistors M211 to M214, M221 to M224 to be activated. The number of 

15 N-channel MOS transistors M211 to M214, M221 to M224 to be activated is controlled by 
the AND circuits AD1 to AD4, AD11 to AD14 and the selection circuit 230. 

As shown in FIG. 5, the selection circuit 230 includes four replica circuits 231 to 
234 (for simplicity of description, the N-channel MOS transistors M221 to M224 for the 
data TD are not shown in FIG. 5). The replica circuits 231 to 234 receive the bias 

20 potential Vref and the reference potential Vctrl from the reference current circuit 240 and 
output the enable signals EN1 to EN4, respectively. The replica circuits 231 to 234 
correspond to an output section of the driver circuit scaled down to 1/n. 

FIG. 6 is a block diagram showing the internal structure of the replica circuit 231. 
As shown in FIG. 6, the replica circuit 231 includes N-channel MOS transistors M30 to 

2 5 M32, an operational amplifier OP3, an inverter IV3 and a resistor R3. The resistor R3 



has a resistance value that is n times the resistance value Rterm of the resistor 9 (FIG. 3), 
that is, Rterm x n. The N-channel MOS transistor M30 has the same channel length L as 
that of the N-channel MOS transistor M10 and has a channel width W (W = WO/n) that is 
1/n times the channel width W (= WO) of the N-channel MOS transistor M10. The N- 
channel MOS transistor M31 has the same channel length L as that of the N-channel MOS 
transistors M211, M221 and has a channel width W (W = Wa/n) that is 1/n times the 
channel width (= Wa) of the N-channel MOS transistors M211, M221. Accordingly, the 
drain potential Vtt of the N-channel MOS transistor M10 which is obtained when only the 
N-channel MOS transistors M211, M221 are activated in the switching elements 210, 220 
appears as a drain potential (replica potential) Vtrep of the N-channel MOS transistor M30. 

The operational amplifier OP3 compares the replica potential Vtrep with the 
reference potential Vctrl. When the replica potential Vtrep is lower than the reference 
potential Vctrl, the operational amplifier OP3 activates the enable signal EN1 to High (H) 
level (active). In response to the H-level enable signal EN1, the N-channel MOS 
transistor M32 is turned OFF by the inverter IV3, whereby the replica potential Vtrep falls. 
This allows the enable signal EN1 to be stably at H level against noises or the like. In 
other words, the inverter TV3 and the N-channel MOS transistor M32 generate hysteresis 
of the comparison of the operational amplifier OP3 in the replica circuit 231. 

When the replica potential Vtrep is lower than the reference potential Vctrl, the 
drain potential Vtt of the N-channel MOS transistor M10 is lower than the reference 
potential Vctrl even if the N-channel MOS transistors M211, M221 are turned ON. 
Therefore, the N-channel MOS transistors M211, M221 are activated by the enable signal 
EN1. 

The other replica circuits 232 to 234 have the same structure as that of the replica 
circuit 231 in FIG. 6 except the channel width of the N-channel MOS transistor M31. 



The N-channel MOS transistors M31 in the replica circuits 232 to 234 have the following 
channel width W: W = (Wl+W2)/n = 2Wa/n; W = (Wl+W2+W3)/n = 3Wa/n; and W = 
(Wl+W2+W3+W4)/n = 4Wa/n, respectively. Wl is a channel width (= Wa) of the N- 
channel MOS transistors M211, M221, W2 is a channel width (= Wa) of the N-channel 
5 MOS transistors M212, M222, W3 is a channel width (= Wa) of the N-channel MOS 
transistors M2 13, M223, and W4 is a channel width (= Wa) of the N-channel MOS 
transistors M214, M224, As a result, the replica potential Vtrep of the replica circuit 232 
corresponds to the drain potential Vtt of the N-channel MOS transistor M10 which is 
obtained when only two N-channel MOS transistors M211, M212, M221, M222 are 

10 activated in the switching elements 210, 220. The replica potential Vtrep of the replica 
circuit 233 corresponds to the drain potential Vtt of the N-channel MOS transistor M10 
which is obtained when only three N-channel MOS transistors M211 to M213, M221 to 
M223 are activated in the switching elements 210, 220. The replica potential Vtrep of 
the replica circuit 234 corresponds to the drain potential Vtt of the N-channel MOS 

15 transistor M10 which is obtained when all N-channel MOS transistors M211 to M214, 
M221 to M224 are activated in the switching elements 210, 220. The replica potentials 
Vtrep of the replica circuits 232 to 234 thus correspond to activation of two, three and four 
N-channel MOS transistors, respectively, and the number of N-channel MOS transistors to 
be activated is selected so that the replica potential Vtrep becomes slightly higher than the 

20 reference potential Vctrl. In this way, the resistance of the N-channel MOS transistors 
M211 to M214, M221 to M224 in the conductive state (i.e., on-state resistance) is 
regulated so that the drain potential Vtt of the N-channel MOS transistor M10 gets close to 
the reference potential Vctrl. 

Note that the number of N-channel MOS transistors to be activated is herein 

25 selected so that the replica potential Vtrep becomes slightly higher than the reference 



potential Vctrl. However, the number of N-channel MOS transistors to be activated may 
alternatively be selected so that the replica potential Vtrep becomes slightly lower than the 
reference potential Vctrl. 

The on-state resistance is herein regulated by varying the number of N-channel 
5 MOS transistors M211 to M214, M221 to M224 to be activated. However, the N- 
channel MOS transistors M211 to M214, M221 to M224 may have different channel 
widths and the on-state resistance may be regulated by selecting the N-channel transistor to 
be activated. For example, as shown in FIG. 7, the respective channel widths Wl to W4 
of the N-channel MOS transistors M211 to M214 may be Wa, 2Wa, 3Wa and 4Wa. In 

10 this case, the respective channel widths of the N-channel MOS transistors M31 in the 
replica circuits 231 to 234 are Wl/n (= Wa/n), W2/n (= 2Wa/n), W3/n (= 3Wa/n) and W4/n 
(= 4Wa/n). AND circuits AD21 to AD23 are further provided, so that only one of the 
enable signals EN1 to EN4 is selected. 

The reference potential Vctrl is regulated to half the voltage (VDD = 2.5 V) 

1 5 applied to the gates of the N-channel MOS transistors M211 to M214, M221 to M224 (that 
is, 1.25 V) minus a threshold voltage (Vt ^ 0.5 V) of the N-channel MOS transistors 
M211 to M214, M221 to M224. That is, the reference potential Vctrl is regulated to 0.75 
V Therefore, the N-channel MOS transistors M211 to M214, M221 to M224 are turned 
ON/OFF at a potential close to an intermediate potential of the amplitude applied to the 

2 0 gates of the N-channel MOS transistors M211 to M214, M221 to M224 (an intermediate 
potential of the output amplitude of the AND circuits AD1 to AD4, AD11 to AD14). In 
other words, the N-channel MOS transistors M211 to M214, M221 to M224 are turned 
ON and turned OFF at the same timing. Therefore, differential output data TD, NTD will 
cross at the center like the intersection PI in FIG. 10. As a result, a differential skew of 

2 5 the differential output data is suppressed. 



The N-channel MOS transistor M10 and the N-channel MOS transistor M254 of 
the reference current circuit 240 both have a source-drain potential Vds close to the 
reference potential Vctrl. This allows a current that is k times the reference current Iref 
to be accurately mirrored while suppressing the channel modulation effect. As a result, 
5 the output current (Iref x k) and thus the differential output amplitude (Iref x k x Rterm) 
are improved in accuracy. 

Although each switching element 210, 220 herein includes four N-channel MOS 
transistors, the present invention is not limited to this. 
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